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Chirp asymmetry in Zeeman electromagnetically induced transparency
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Department of Physics,

Youngstown State University, Youngstown Ohio™™
(Dated: May 18, 2024)

The simplest three-level system exhibiting electromagnetically induced transparency (EIT) ex-
hibits an effective conjugation symmetry as well as a permutation symmetry. Breaking conjugation

symmetry leads to a distinct chirp asymmetry, i.e.

the differential response to a frequency in-

crease versus a frequency decrease. Hanle-Zeeman EIT resonance is an ideal platform for testing
the theory of chirp asymmetry because so many optical parameters of the system can be changed
experimentally. We describe the theory and compare it to an experiment using "Rb in a buffer
gas cell. In contrast with earlier multi-photon chirp asymmetry work this present effort explores
the asymmetry at nearly one billionth the earlier chirp rate, yet displays its universal features.
Chirp asymmetry may have metrological consequences for understanding systematic dependence on

modulation/demodulation parameters.

I. INTRODUCTION 8

49

Due to a myriad of physical effect, optical resonances
typically depart from the simple Lorentz-Schwinger- 5
Weisskopf form. Beyond naive center shifts, lineshape 52
distortions can include effects that (atleast approxi- 53
mately) respect the underlying symmetric nature of that 5
form (for example, Doppler effects, far off-resonant colli- =
sional broadening, power broadening in lowest order and %
magnetic effects at weak fields) and those that gener- 5
ate lineshape asymmetries (including AC stark effects 5
in other non-resonant light fields, detunings in multi- ®
photon processes, some imhomogeneous broadening ef- ¢
fects). Minimizing lineshape asymmetries is important &
for precision metrology of various types [1-3], leading, «
for one example, to modulation scheme-dependence in g
line center measurements [4, 5]. 64

Lineshape asymmetries in single photon transitions es
also lead to chirp asymmetries, i.e. a difference in the g
optical response to a frequency up-chirp versus a down- ¢
chirp. A recent systematic study of chirp asymmetry (see ¢
[6]) using saturation spectroscopy emphasized its connec- ¢
tion to the general theory of transient response in systems
with broken discrete symmetries. Among the universal ,
behavior of such systems is a chirp asymmetry that varies -,
initially linearly with chirp speed and symmetry break- ,;
ing parameter and, further, that saturates (to a value -,
not necessarily 1) at high chirp speeds and parameter.
This behavior is an example of the Sakharov conditions -+
[7] that, for example, figure prominently in models of »
early universe leptogenesis. 78
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In earlier work ([6]) the lineshape asymmetry was fixed
by the level structure of the excited state hyperfine man-
ifold of the Rubidium atom. There the asymmetry of the
optical response was measured as a function of the chirp
speed, yielding the characteristic linear growth at small
chirp speeds followed by an asymmetry plateau at high
chirp speeds. However the precise connection between
the slope of the linear part of this asymmetry curve and
the C-symmetry breaking parameter was not testable in
that experiment. Furthermore in that approach a study
of the chirp asymmetry’s dependence on linewidth and
non-linear optical broadening were likewise unavailable.

In light of the forgoing a more detailed test of this po-
tentially universal theoretical /phenomenological descrip-
tion of chirped response would entail being able to ob-
serve, for example, systematic changes in the later as
one changed the value of the symmetry breaking param-
eter. Additionally it would be instructive to experimen-
tally test chirp asymmety’s dependence on the resonance
width since that parameter plays a role in quantifying
how far out of equilibrium has been driven the system
at fixed chirp rate. It would also be useful to use an ex-
perimental protocol for insight into the roles played by
each of the intrinsic width and the contributions to the
observed width from homogeneous and inhomogeneous
effects. In chirped multiphoton processes higher-order
optical effects such as AC Stark effects are implicated in
playing an important role, but the precise connection of
such contributions to the underlying Sakharov framework
for this asymmetry is unclear. Note also that chirp asym-
metry phenomenology for quantum system is expected to
be richer than that of early universe leptogenesis models
in part due to the fact that the former receives modula-
tions from both coherences and populations, whereas the
later does not.

Our goal here is to demonstrate and amplify the chirp
asymmetry systematics in part by addressing the limi-
tations of prior studies in sweep speed, detection band-
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width and lack of tunability of the symmetry breakingas
parameters. We do this by locating the phenomenon inus
a Zeeman electromagnetically induced transparency res-is
onance. One utility of using this resonance follows inus
part from the relative ease which one can experimentallyias
control the overall lineshape asymmetry (by changing ais
detuning) and the resonance width, both from homoge-,,
neous and inhomogeneous sources. A longitudinal mag-s,
netic field gradient is used to increase the inhomogeneous,s,
broadening of the resonance whereas power broadening,
controllably contributes to the homogeneous broadening;,
of the line. We also note that the (two-photon-) chirp,s,
rates we employ in this experiment are nearly one billion,
times smaller than in the previous study, and we interro-
gate a completely different set of atomic transitions and,g;
processes. This highlights the universality of the chirp,s
asymmetry phenomenology and provides a more rigorouss,
test of the theory of chirp asymmetry and its connection,
to broken discrete symmetries in multi-photon quantum;g
optics. 162

Studying chirp asymmetry in EIT may lead to a sim-;,
ple protocol for determining and potentially ameliorat-,
ing subtle lineshape asymmetries that directly affect pre-
cision spectroscopic measurements. We note that the
asymmetry we are studying here has been long noted,
if, however not critically studied for its connection to a,
broken discrete symmetry and the Sakharov conditions.

For one example Ref. [8] notes, o

. 171
”However, the more thorough analysis re-

veals a small asymmetry between two sides of
the signal (one arm of the resonance is larger
than the other). This is not observed in con-
ventional NMOR (sic. non-linear magneto-
optical rotation) signals and indicates incom-
plete equilibration of the system in Fig. 2(a).
It was verified with independent measure-
ments that the asymmetry disappears for
even lower sweep rates (not shown). For 180
larger sweep rates (> 10uG/s), the asymme- he
try increases until the signal starts to oscillate
[Figs. 2(b) and 2(c)] while crossing B = 0”. 183
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The temporal response of Hanle/Zeeman EIT to tran-ss
sients of various types has received significant experimen-1ss
tal and theoretical scrutiny [9, 10], chielfy focussed on thezs
'switch-on’ (or its time reverse ’switch-off”) transient re-ies
sponse at fixed detuning [11-15] whose phenomenologyss
is apparently rather different than under a chirp asym-isp
metry protocol (as is its theoretical explication, see, foria
example, [16]). Many of these references also rarely quan-i
titatively compare the 'switch-on’ to the 'switch-off’ tran-is
sient behavior. Those that do include [17], where howeverios
the comparison is not connected to any analytical under-ios
standing of transient differences due to broken discreteiss
symmetries. For example, in [17], the authors do haveir
a graph of the positive and negative chirp behavior butiss
note "Here, due to the low sweep rate (10 KHz/s), theio
OMR (sic. optical magnetic resonance) curve still has noze

difference for the opposite sweep direction.” In Ref.[18]
hyperfine EIT transients were studied via chirp, but they
did not report chirp asymmetry. Significant effort [17, 19]
has also been focused on the transient regime that in-
cluded a pronounced oscillatory character (referred to as
the ”non-adiabatic regime”).

Importance of two-photon lineshape asymmetry and
its transfer to modulation induced and other clock shifts
has also been of long term interest [4, 5]. Chirp asymme-
try in two-photon excitation has a storied history ([20-
22]), often the two-photon line asymmetry (in leading
order) is due to the differential AC stark effect and ex-
plicitly breaks the effective conjugation symmetry (see
for example Eq. (41) of Ref.[23, 24]) at non-zero one-
photon detuning. In this note however, the two-photon
lineshape asymmetry is also related to the one-photon
detuning but is intrinsic to the EIT with additional AC
Stark effects contributing to higher order. Experiments
to arrive at a clearer understanding of the contributions
of higher order AC Stark effects to the asymmetry are
presently underway.

The connection between this chirp study and the ear-
lier studies of the Landau-Zener (LZ) transition bears
mention. Some of the more recent theoretical studies
do not report any chirp asymmetry [9, 25-27] because
they entail systems with unbroken discrete symmetries.
For example, the usual derivations for the LZ probability
depend only on the chirp speed magnitude and not its di-
rection and strikingly has an essential singularity at slow
chirp rates. It is noteworthy that Ref.[28] concerns itself
with the LZ in a system with a broken discrete symme-
try (parity) and shows a dramatically different picture in
that the difference in the LZ rates is now proportional to
the chirp rate and scales with the amount of symmetry
breaking, as indicated in the exposition of the general
theory (below).

In Ref. [17], they study optical transients in the mag-
netic resonance of the very same transition we study here
(F =2 — F’ =1 in 8 Rb vapor), however, they do
not systematically study chirp asymmetry and do not
connect the transient behavior they study to symme-
try /symmetry breaking in the quantum optical system.
In particular, the single reported comparison of up- and
down- chirped optical response in that reference notes no
difference, from the understanding herewith, presumably
due to slow chirp rate or tuning other parameters to the
symmetry restored values.

Importantly, space precludes we leave out the connec-
tion between chirp asymmetry and non-reciprocal behav-
ior of excursions in a complex order parameter [29, 30].
Connecting broken discrete symmetries with non-trivial
closed paths in parameter space as indicated by the forgo-
ing references may be a very useful theoretical framework
[31] for further amplifying the systematics associated
with chirp asymmetry. Since the emphasis of this present
work is primarily as a demonstration/application of the
basic theory behind this aspect of chirp phenomenology,
we likewise do not explore the possible relevant general-
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izations of the pulse-area theorem [32-34] to this process,.s
but are currently pursuing both of these avenues in futurezss
work. 247
Below after reviewing the theory we describe the ex-s
perimental protocol and finally discuss their quantitativezs
and qualitative comparison. 250
251

252

II. THEORY 253

254

Although all our data relates to the 8"Rb F=2 — F'=12s
transition which receive contributions from multiple mag-2s6
netic sublevels, it will suffice to restrict our theory con-2
siderations to a simplified 4 level model Fig.1la. Thezss
states |1), |2) and |3) represent different magnetic sub-2s
levels (which one can think of as +1 and 0, resp. of thezo
F=2) and the |0) and m = 0 excited state (F’=1). Whenz
the F=2 states are degenerate (no magnetic field) thenze
under illumination by linearly polarized light the fixedzs
phase relation between the circular polarization eigen-ze4
states pumps atoms into the dark state that is a fixedzss
linear superposition of the |1) and |2) and alternativelyzss
of course into |3), leading to an increased transmission of27
the light we identify as EIT (alternatively the Hanle res-»s
onance, or Zeeman EIT). However, the presence of even azs
modest (mG) magnetic field directed along the directionzro
of propagation of the lightfield causes Zeeman splittingsen
between the F=2 states that reduces the system’s darker
states to just the |3 > alone. The Zeeman energy splittingzr
causes differential temporal phase advance,so the former2
linear superposition of the |1) and |2) which was dark ro-zrs
tates into a light absorbing state on a Larmor timescale.zr

A density matrix (semiclassical) Bloch equation encap-2r7
sulates this phenomenology rather economically. Fromazs
Op = —i[H, p] + Lp we may follow the temporal evolu-
tion of the density matrix of the system in the rotating
wave approximation (RWA). In addition to Tr(p)=1 andam
p! = p, the equation set reads,

(1)

280

Orpr2 = (200 — T'2)pr2 — i Apo2 — iBp1o

281

Otpo2 = (I(A +9) —v2)po2 — iB(paz2 — poo) — iAp1a (2)

283

dipo1 = (i(A — &) —y2)por — iA(p11 — poo) — iBpa1 (3)

0¢poo = —vpoo + 1B (poz — p20) +iA(po1 — p1o)  (4)

284

O¢p11 = +7bpoo + T (paz2 + p33 —2p11) —iA(po1 — p10) (5)

(6)

285
where b is the branching ratio of the decays of |0) intosss
the |1), |2) subspace and 7,y are the Th and T5 rates foras
the excited state and A and B are proportional to thesss
laser field amplitude of right (o) and left (o7) lightass

Op3z = (1 = 2b)poo + T'(p11 + p22 — 2p33)

components times the dipole matrix element. The A
we call the one-photon detuning and § the two-photon
detuning. I" and I'; are the 77 and 75 rates for the ground
states.

It is useful to note the discrete symmetries of the EIT
equations in the RWA set Eqs. (1)-(6). The effective
charge conjugation-parity symmetry we call CP [35]. It
consists of the tansformations A,§ — —A,—4§, along
with p — p* (note: not 1) and A, B — —A, —B. This
symmetry is distinct from the Z, permutation symmetry
1" «' 2" along with A <+ B and § — —¢ for any fixed A.

The experiment described below uses linearly polar-
ized light so A = B. In that case the symmetry CP x Zq
is broken at nonzero A, this product symmetry equating
the right- (resp. left-) circularly polarized channel of an
up-chirp in ¢ with the left- (resp. right-) channel of the
down chirp in §. This indicates that the sum of those
channels is CP x Zs symmetric so, at least to leading
order for any A, we expect no d-chirp asymmetry in the
sum signal. Clearly the individual right- and left- circu-
larly polarized channels are not CP x Zs symmetric, and
below we experimentally measure the d-chirp asymmetry
in these observables.

The large separation of timescales between the ground
state (p12) and excited state (po1, po2) coherences invites
one to simplify the above equation via what is colloqui-
laly called ’adiabatic elimination’. This will clarify the
relevance, if any, for any excited state effects, and make
the above symmetries even more obvious, although be-
low all the theory graphics are prepared using the full set
Egs. (1)-(6). For simplicity only, we assume also that the
change in the population in |3 > during the §- chirp is
negligible. Then, in adibatic elimination, we have from
Eq. (3) and Eq. (2) that

por = (A =6 —iv2)(Api1 + Bpa1)/D (7)

poz = (A + 6 —iv2)(Bpa2 + Ap12)/ D (8)

where D = A? + ~42. Defining d = p1; — p22, we
use p11 + p22 ~ const. to reduce the homogeneous set
Egs. (1)-(6) (at A = B) to the two pertinent inhomoge-
neous equations,

A? 279 A2
1—3)6—(F2+ 2 ) P12
(9)
A? (AZ

Orpr2 = [12(

242
d+i—— — A
)d+i 5 (P12 = p21)

2’}/2142
D

od = — (F + (10)
which clearly have the same symmetries as the original
RWA equations, d being CP-even and Zs-odd. Note also
since I'm(p12) is CP-odd whereas Re(pi2) is CP even, it
is clearly the last term in each of Eq. (9) and Eq. (10) at
fixed A that explicitly breaks the effective CP.
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Reducing this 3 real dimension form further, the sys-ss
tem can be related to the simplest equation set displayingss
chirp asymmetry, namely, the two real dimensional basicsss
equations for Leptogenesis.[36, 37]. In brief that system,sss

ANp_ 1 337

dz =€D(Z) (Ny = Ny(Z2)) = W(Z)Ng-L . zj
(11)340
% — —(D(Z)+S(2)) (Ny - N&(2))  (12),,

343
is written in terms of a chirp-even quantity Ny indicat-,,,

ing the density of particles with no net lepton number__
that decay into leptons and anti-leptons, and a chirp—346
odd quantity Np_j, representing the net lepton number347
density. The former basically starts at some equilibrium348
value N3/ and the later ( Np_z,) starts at 0 and grows,
as Ny deviates substaintially from N3/ during the non-_
equilibrium expansion/cooling of the Universe. Due to,
the smallness of €, the Ng_j, remains small (in compari-_
son with Ny ) throughout the subsequent evolution. Note
that Ny also depends on Z (’time’). Here the transient™
is induced parametrically also through the Z-dependence™
('time’) of the Eqs. (11),(12) coefficients, D, S and W.*
Typically the explicit CP violating parameter e repre-—
sents the residual physical effects of a process presumably™
occuring at a much higher energy (temperature) scale™
and is thus taken as a constant. .
For our system we now make contact with the sim-"
plified leptogenesis model above by further reducing the™
three real dimensional form in Eq. (9) and Eq. (10) to a™
version of Eqgs. (11),(12). First note that in the I'm(p;2) is™
assumed to be small (its CP odd) and § << A limit, the**
Re(p12) doesn’t change much as ¢ goes through 0. The®®
heirarchy of scales we employ in this simplification is the
usual one for atomic EIT systems in that v >> T',T's

and A?/(DT3) is not too small (though [‘)4;; is small).
Eq. (9) in that limit gives,

0

366
367
368
369

370

_72A2 371
—_ 13
DTy 4 27y, A2 (13)er

373

So that, to parallel Eqgs. (11),(12), we eliminate Re(pi2)¥™
from Eq. (10) and Eq. (9). In this limit at non-zero A3s

and slow sweep in J, we have the equation pair 376
377

Re(p12) ~

A2 2y, A2
Oilm(piz) = 5 A(d=d*") = D2+ 7123

JIm(p12) (14)
379
380

242 381
8tdz _(F+ T)d_F (15)382

383

where d°? ~ —§ (2}22), plays the role of the Ny anda,

in Eq. (14) the A being proportional to the explicit,sss
constant CP-breaking parameter €. Its time dependencesss
through 6 (in d°?) during the two-photon chirp drives thess
d away from 0, ultimately leading to the chirp asymme-sss
try in the difference in the optical transmission of A andss
B. 390

The resulting equations Eqs. (14),(15) are structurally
similar to Egs. (11),(12), enjoying the same transient sys-
tematics. Although we have in the forgoing paragraphs
focussed on the pi2 and d, the actual experimental ob-
servables are typically I'm(pg1) and I'm(pg2) which in the
optically thin cell limit are proportional to the absorp-
tion of the right- and left- circular components of the
light field. In fact, by the forgoing symmetry considera-
tions, the chirp asymmetry is roughly proportional to the
difference of these two observables, which, by Egs. (7),
(8), is approximately proportional to the CP x Zs odd
quantities Ad and I'm(p12).

Since our goal here is to connect the EIT Chirp phe-
nomenology with the behavior common to systems with
broken discrete symmetries that are driven off equilib-
rium we have described the connection with the simplest
model of leptogenesis for pedagogic completeness only.
Instead for the comparison with experiment we solve the
full set Egs. (1)-(6) and use that numerical solution in all
the theory graphs below.

To model the 8"Rb-buffer gas cells optical response,
we fix A = B and take § to be much smaller than A.
In our buffer gas cell the I' and I'y are also quite small,
and physically are fixed by the diffusion of atoms in and
out of the beam and residual magnetic field variances. In
the simulation we take v = 1 to set the overall scale, and
we solve these differential equations for a particular chirp
speed in §. The resulting p are then fastened into observ-
ables such as the absorption coefficients of the right- and
left- circular polarization components of the light field
(AIm(p19) and BIm(pgg) respectively) and their sum.

On a related qualitative note, theory and experiment
both indicate the well-known fact that the lineshape
asymmetry in the individual polarization components is
much larger than in the sum. Also, both experiment and
theory at high chirp speed (sometimes referred to as the
non-adiabatic regime[8, 17, 19] ) show an oscillatory com-
ponent of the response in each component and, to a lesser
degree, in their sum. We limit our investigations here to
chirp rates below the onset of significant oscillation. The
individual circular polarization channels do indeed have
a much more asymmetric lineshape although their sum is
rather more symmetrical (see Fig.2). In the experiments
at higher chirp speeds (starting at about 50 Hz) sub-
stantial oscillatory ringing is seen in both the individual
circular polarization channels and the sum. The onset
of this ringing appears to be at about the set of param-
eters for most of the experimental protocols we employ,
and thus we expect any differential proximity to the non-
adiabatic regime to not be relevant to the observed chirp
asymmetry systematics we study below.

The breaking of the effective CP symmetry that arises
in the RWA from a fixed, non-zero one-photon detuning
leads to marked differences in magnitude and lineshape
between up- and down- two-photon detuning chirps. For
definiteness we compare the peak optical response during
the up- and down- chirps. Throughout the ”asymmetry”
we tabulate and graph is the ratio of the peak optical
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response during an up-chirp minus that during a down-
chirp all divided by their sum [6].

III. EXPERIMENT

We employ the usual Hanle resonance configuration
shown in Fig.1b. Laser light from an extended cavity
diode laser (NewFocus Vortex ECDL) tuned to the D1
(795nm) resonance in Rubidium is expanded and (lin-
early) polarized before traversing a 5cm long pyrex va-
por cell. We also performedthe same measurements with
a temperature-tuned free-running 795nm laser diode and
note here that the resulting resonance systematics and
chirp asymmetry were easy to discern and quite similar
to that of the ECDL, in spite of its expected ~50MHz
laser phase noise compared to the ECDL (< 1 MHz). All
the data described below was collected exclusively with
the NewFocus Vortex ECDL. Another simplification af-
forded by our use of the Hanle-Zeeman resonance was
that only commodity small bandwidth (<5MHz) opti-
cal detectors (compared to the high speed, large gain-
bandwidth product detectors in the experiment of Ref.
[6]) were necessary for all light power measurements.

Throughout this experiment the vapor cell contained a
mixture of 2 Torr of Neon and isotopically enriched 37 Rb
(Opthos). It is housed at the center of a triply layered
mu-metal magnetically shielded cylinder with end caps
that have a 2.5cm hole for optical acess. Inside the inner-
most mu-metal shield is a solenoid ( 23G/A) and a pair,,
of "gradient’ loops on each end of the innermost cavity.,,;
The ’gradient’ loops are connected in an anti-Helmholtz,,
sense. The entire shielded assembly+cell+solenoid is in a,_
thermostatically controlled box, heated with a low mag-_
netic signature heater (HTD Heat Trace, Inc.) to 56°C.
Light emerging from the other side of the cell passes first,,
through a nonpolarizing 90-10 beam cube, with the 10%455
being recorded as our ’sum’ signal and the remaining 90%456
then sent through a zero order quarter wave plate fol-
lowed by a polarizing beam cube oriented so that from the
output ports of this final beam cube emerge the left- (c7)
and right- (o) polarized components of the lightfield.
The three light fields ('sum’, "¢ and "o~") power is
measured on the ~ .5x.5cm amplified photodiodes whose*®
signals are simultaneously digitized and recorded.

While the ECDL is tuned and weakly locked (fixedss
A) within the doppler+-collisionally broadened F' = 2 —e
F’ = 1 8"Rb transition, a symmetric triangle waveformaes
(provided by an SRS DS 345) with zero offset and an am-s
plitude of 0.35V is impressed across a series combinationass
of a 73K} resistor and the solenoid inside the shields,uss
creating our chirp in the two-photon detuning d. As theas
total magnetic field in the vapor along the beam sweepsaes
through zero the level-crossing degeneracy leads to amnae
increase in light transmission called the Hanle/Zeemanazo
EIT resonance. an

A typical trace of all three channels displaying theses
features is shown in Fig.2. There the traces were takenas

8

0

458

|3>

PBS

PBS

90/10
BS M4

FIG. 1. (a) The basic level diagram for the theory model and,
(b) The minimal Hanle/Zeeman EIT arrangement: ECLD =
extended cavity diode laser, L = lens (to expand the beam),
VA = variable attenuator, BS = nonpolarizing beam splitter,
PBS = polarized beam splitter, 3’ Rb+Ne = vapor cell, MS =
triply magnetically shielded cavity, PD = photodetectors, A/4
= zero-order quarter wave plate. The solenoid and gradient
loop around the cell are not shown.

at a very slow sweep (about 2Hz). Differences in the
peak intensities of the peak in the right-circular up-chirp
and left-circular down-chirp are primarily due to differ-
ences in photodiode amplifier gain. Since the asymmetry
is computed by comparing the optical response in up-
and down-chirp in the same channel, any differences in
photodiode amplifier gain do not materially enter into
the asymmetry computed and graphed below. Finally
we note that the Hanle EIT width depends on optical
power (more below), and in this experiment the extrapo-
lated zero optical power limit of the EIT (full-)linewidth
for this cell and shield configuration was ~400 Hz.

IV. DISCUSSION

As a demonstration and application of our emerging
understanding of chirp asymmetry systematics, our ex-
perimental protocol makes use of the parametric mal-
leability of the Hanle EIT resonances. In quantitative
comparisons with theory throughout we have numerically
evaluated the chirped response using the full 4-level the-
ory Egs. (1)-(6). That evaluation includes integrating
while varying A chosen randomly from a Boltzmann dis-
tribution, the one-photon detunings experienced by an
atom diffusing through the beam. An additional random
contribution to the one-photon detuning is also included
in the integration in an attempt to reproduce any effects
from laser phase noise.
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FIG. 2. Typical experimental signals, (top trace) the sumuaeo
shown along with the 6™ and o~ channels as a function of,y,
the current in the solenoid (bottom trace) all at a chirp speed,,,
of about 0.16 MHZ/S and optical power 230pW and a spot size,,
of about 1.5cm?. Chirp asymmetry is plainly visible (and of
opposite sign between polarizations) in both channels though
the sum is chirp symmetric (i.e. comparing response in up 9%
chirp at 0 to the down chirp at —¢). Signals offset vertically
for ease of viewing. 497
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FIG. 3. A plot of the experimentally measured chirp asym-g;
metry in ¥Rb F=2— F7—1 transition. Purple data points,,
are from the transmitted ¢ and red points are from the EIT
resonance both at the same total beam power (~ 230 uW).
The 0" data shown was taken at a one-photon detuning of”?
roughly -200MHz, but the red data is at this and different one-°**
photon detunings. The thick dark blue line is the theoreticals
chirp asymmetry from integrating Eqgs. (1)-(6), whereas theszs
light grey line is simply a two parameter (a, b) fit of the ex-sx
perimental data in purple to the functional form a(1 — esz)m
for comparison. Error bars (vertical) are ensemble deviations,,,
from multiple measurements.
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Again, the ratio of the peak optical response during
an up-chirp minus that during a down-chirp all divided
by their sum is what we label ”Chirp Asymmetry” al-
though it is but a single C'P-odd observable. On general
theoretical grounds we expect any C'P-odd observables
in a system in which the symmetry is explicitely broken
to have the characteristic dependence on chirp speed as
detailed in Ref.[6], namely, an initial linear growth of the
asymmetry with chirp speed followed by saturation (at a
value not necessarily £1). Likewise we expect the CP-
even observable (the sum channel) to show no appreciable
chirp asymmetry at any chirp speed or any value of the
C P-breaking parameter (here one photon detuning, A).

The experimental summary of data in Fig.3 largely
bears out theory expectations. The ’sum’ signal (red
data points) is CP even and shown are data taken at
various one-photon detunings. A linear fit to the ’sum’
data give both a slope and intercept statistically identi-
cal to 0. The o data (purple data points) on the other
hand was taken at a fixed one-photon detuning of -200
MHz. Shown alongside that data is an integration of
the Eqs. (1)-(6) (dark blue line) as described earlier and
using typical experimental values.

In that figure is also a thin grey line. It is a fit of these
data to an admittedly naive two-parameter relaxation
curve and not based on theory. It indicates a asymptotic
(large chirp rate) asymmetry of just under 12 percent.
In actual experiment and the full physical theory of this
system the asymptotic value is less meaningful because
beyond a certain chirp speeds the response becomes oscil-
latory (the so-called ”non-adiabatic” regime). An oscil-
latory regime is not present in the dimensionally reduced
”leptogenesis”-like models described in the later part of
the theory section as that model has only populations.
The data and theory shown in Fig.3 ends at the onset of
that non-adiabatic regime.

Next we test the theory contention that the one-photon
detuning is a C P-breaking parameter. By using different
one-photon detunings while solving equations Egs. (1)-
(6), evaluating the theory indicates a roughly linear de-
pendence of the §-chirp asymmetry slope near A = 0.
In Fig. 4 we have plotted the experimentally measured
asymmetry slope near zero chirp speed for o™ as a func-
tion of the laser’s one-photon detuning along with a one-
parameter (intercept zero) fit line. The data suggests
a nearly linear dependence on the one-photon detuning
over most of the experimentally accessible range, with a
zero asymmetry point statistically consistent with zero
one-photon detuning.

Finally, asymmetry being dimensionless implies de-
pendence on the chirp rate is scaled to the resonance’s
linewidth. That is, increasing the linewidth is expected
to have the same effect as proportionally reducing the
chirp rate. We use small currents in the gradient coil pair
to controllably inhomogeneously broaden the Hanle/EIT
resonance. We also experimentally study the effect on
chirp asymmetry of (optical-)power broadening the reso-
nance, thereby determining the role of homogeneous line
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FIG. 4. A plot of the experimentally measured chirp asym-
metry slopes at small sweep speeds as one changes the one-
photon detuning. Line shown is a fit of the data between -350
to 250 MHz via a single parameter (a slope, no intercept).
This functional form is expected theoretically at small one-
photon detunings, the data indicating significant deviations
beyond that region. For the data points shown the error in
detuning is estimated but the error in chirp asymmetry is an
ensemble deviation from multiple measurements.

broadening plays in modulating the chirp asymmetry.
For each of these experimental tests tabulated below weses
make quantitative and qualitative contact with theory,ss
providing a rather rigorous test of our model and un-so
derstanding of chirp asymmetry resulting from a brokenss
discrete symmetry. 572
Fig. 5 is a graph of the measured Hanle/EIT linewidthsr
as a function of the measured optical power of the lin-s
early polarized lightfield. The trend and magnitude ofss
the effect there clearly indicates that as the EIT linewidthse
(blue line, scale right) is broadened by a factor of threess
the chirp asymmetry (purple data points, scale left) isse
reduced by nearly the same factor. The theory curvess
(green, scale left) was computed by integrating Eqs. (1)-ss0
(6) at a detuning of -150 MHz and a sweep rate of ~sa
45 Hz (near the end of Fig. 3, #-axis) but graphed withss
power via a single positive offset and power scale fac-ss
tor. The later was necessary to account for the vagariessss
of the beam shape and power to the value of the 'A’ss
(='B’) field amplitude in the numerical evaluation of thess
theory. The former (offset in power scale) being positivess:
and small (relative to the axis scale) indicates that, plau-sss
sibly, there are other contributions to the broadening ofss
the transition that persist at zero power. Note that these
theory curve being steeper than the experimental data isse
likely due to the fact that our beam cross-section is notse
intensity-flat (the simulation being computed at one in-ses
tensity, essentially, treating the beam as a flat-top beam).ses
We can also cause controlled growth of the width ofses
the EIT resonance by inhomogeneous broadening usingses
small currents in the gradient coils. The resulting dataser
and theory curve are assembled in Fig. 6. These datases
were taken at a detuning closer to -200MHz, and a powersss
of under 100p4W and a fixed chirp rate of 45 Hz (closeswo
to 0.8 MHz/uS in §’s rate). For the associated theorysn
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FIG. 5. The optical power dependence of the experimen-
tal chirp asymmetry (axis left) in the o signal, along with
power-broadened EIT (’sum’) Width from experiment (axis
right). The green line is from integrating the transient chirp
using Eqgs. (1)-(6) for a single power (flat-top beam). For the
experimental points shown the error in the measured beam
power is estimated but the error in chirp asymmetry is an
ensemble deviation from multiple measurements. The most
likely explanation consistent with the apparent deviation be-
tween the theory curve (green) and the data points (purple)
is that our beam differs significantly from a flat-top beam.

curve we first generated a single 'reference’ theory trace
of {oF,07} in & by solving Egs. (1)-(6) under the afore-
mentioned parameters yielding a chirp asymmetry close
to 0.13. Assuming the vapor was optically thin, to model
the effect of the gradient coils we then simply shifted and
co-added many copies of this 'reference’ trace in ¢ as the
shift was finely scanned across a window (centered about
§ =0) [-W, W] for a given W. Then the chirp asymme-
try (in 1) and EIT width (from o + o~ ) were com-
puted for the co-added result for each W. Plotting then
the asymmetry against the EIT width of this synthetic
signal leads to the green curve in Fig. 6.

Oftentimes inhomogeneous broadening is incorporated
into numerical evaluation of a model by simply plotting
the signal versus 2. Our rationale for doing the above
windowed co-adding was that it was, we felt, more repre-
sentative of the actual physical cause of inhomogeneous
braoadening in our optically thin vapor cell at low irra-
diance because exciting the gradient coils led to a nearly
linear gradient of two-photon detuning along the optical
axis of the cell.

This study suggests metrological consequences in
bandwidth and modulation scheme dependence due to
broken discrete symmetries in quantum optical sys-
tems, of particular importance in multi-photon processes.
Though it is hard to posit an example with a numerical
value, for EIT employed in time/frequency metrology,
this work indicates polarization ’impurity’ in what was
regarded as a C'P-even (like ’sum’) signal will lead to
modulation rate/depth dependence that might be other-
wise hard to simply ascribe to a ’lineshape’ or 'modula-
tion method/parameter’ issue.

Work is underway to find different theoretical descrip-
tions of this general phenomenon as a way to connect it
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FIG. 6. A plot of the experimentally measured chirp asym-e622
metry in the o signal as a function of gradient-induced EITes
(’sum’) width. The measured EIT width change is very nearly
linear in the current in the gradient loop pair (not shown). Er-
ror bars (vertical) again represent ensemble deviations from,,,
multiple measurements. The line (green) is a theory curve
computed using a shifted base theory curve (fuller explana-

tion in text) 62
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to other non-equilibrium phenomenon. Effects of crosse
modulation from other (non C'P) broken symmetries, asss
well as the effect caused by higher order non-linear opti-e:
cal processes in such systems may be fruitful avenues fors
further elaboration. 633

To conclude, we have tested the chirp asymmetry the-
ory model experimentally by using the Hanle Zeemanss

EIT resonance in a 8”Rb vapor in a buffer gas cell. By
changing the one-photon detuning and/or subjecting the
cell to a longitudinal field gradient and using optical
power broadening we were able to verify that the one-
photon detuning is a C'P-odd perturbation and affects
that increased the two-photon width reduced the mea-
sured asymmetry at fixed chirp rate. Broadening contri-
butions both homogeneous and inhomogeneous lead to a
reduction in the chirp asymmetry. Data suggests that the
product of the asymmetry and the total resonance width
varying only slowly with chirp parameters, indicating the
likelyhood (atleast in simple two-photon transitions) of
a single relevant timescale parameterizing how far from
equilibrium the system is driven during a chirp (see for
example the ’chirp parameter’ defined in Ref. [38]).
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